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Introduction
The beginning of the 21st century brought significant changes in transmission power grids. Performance requirements of electrical power equipment, including transformers, have also increased [5] . More and more stringent standards and regulations force transformer manufacturers to look for innovative solutions to fulfil them. At the same time, it should be noted that energy consumption in areas characterized by high population density (which increases from year to year) is constantly growing. Therefore, in addition to the use of distribution networks that are harmless to the environment and people, safe transformers are also required. As reported in numerous literature sources, even today large transformers, whose power exceeds several hundred MVA, should be integrated with large residential buildings. Therefore, issues such as fire safety and environmental protection are of particular importance [1, 35] .
Fire safety is directly related to the exploitation of the transformer. It is estimated that the risk of transformer fires is low but not negligible. However, in the event of a fire, the consequences are very serious. This applies first of all to transformers filled with insulating sciENcE aNd tEchNology coefficient β were studied. Measurements of thermal properties of the tested vegetable oils for temperature 25, 40, 60 , and 80°C were carried out. On the basis of the measured thermal properties, according to the formula (1), the heat transfer factor α by the analyzed electroinsulating liquids was calculated [12, 13] : ].
The above formula shows that the increase in thermal conductivity, density, specific heat, and thermal expansion coefficient will result in an increase in the heat transfer factor α. In turn, the increase in kinematic viscosity will cause a decrease in the factor α.
Methodology
The thermal conductivity of the tested vegetable oils was measured using a measuring system designed and built by the authors, described in the article [14] . In turn, the kinematic viscosity of the tested liquids was determined using Ubbelohde viscometers in accordance with the standard [20] . The density of both esters was determined based on the standard [21] . In turn, the thermal expansion coefficient was measured in accordance with the standard [2] .
Due to the fact that the authors did not have the measurement system described in the standard [3] , the specific heat of the tested vegetable oils was determined using the Mettler Toledo DSC1 differential scanning calorimeter (Figure 1 ). The measurement of specific heat consisted in determining the heat flux transmitted during heating to the sample of the test liquid, which was placed in an aluminium crucible, and the heat flux transmitted to the reference sample (empty crucible). Prior to the measurements, a temperature program defining the course of the measurement procedure was defined. It is important that in the temperature range in which the measurement is performed, the test sample is thermally stable; i.e. there are no changes in it. This action causes that the sample temperature of the tested liquid changes in the same way as the temperature of the reference sample -according to the adopted temperature program. In order to properly determine the specific heat of the tested vegetable oils at the initial temperature (25°C) and final temperature (80°C) it was found that the measurement of the stream of heat transmit to them should start at 5°C and end at 105°C. In the first stage of the temperature program implementation, the tested vegetable oils were cooled to 5°C and maintained at this temperature for 5 minutes. Then they were heated at a speed of 5°C per minute to 105°C. In the last step of measurement of the sample was maintained at 105°C for 5 minutes.
Specific heat was measured under an inert gas atmosphere (argon 50 ml·min −1 ) at a heating rate of 10°C·min −1 . The mass of an oil sample was about 35 mg. All specific heat measurements were blank curve corrected. The measurements of blank curves were performed before the sample measurements. Then, in accordance with the previously established procedure, measurements of samples of the tested liquid were performed.
In the last step, on the basis of the dependence of the thermal flux transmitted to the liquid sample on the temperature, using the Mettler STARe Evaluation program, the specific heat of the tested vegetable oils was determined. The specific heat was determined based on the dependence: liquids, which are located in urban areas characterized by a large concentration of population, as well as located near water reservoirs and landscape parks. Therefore, in addition to the appropriate electrical parameters to be met by the transformer, the environmental and fire properties of the used insulating liquid should also be taken into account [9, 11] .
Limitation of soil and water contamination in the event of a transformer failure can be reduced by using environmentally friendly electro-insulating liquids. Currently, most of the working transformers are filled with mineral oil. Recently, however, an increase in interest in liquids alternative to mineral oil, including natural esters, can be observed [30, 38] . These liquids are already used not only in distribution transformers but also in transmission transformers [23, 33] . It is worth noting that the first transformers designed at the end of the 19th century were filled with natural esters (vegetable oils). The increased interest in vegetable oils, in the context of their application in electrical power equipment, results directly from their properties. In contrast to mineral oil, these liquids exhibit a number of features that in the context of environmental protection are considered their main advantages. These are primarily high biodegradability [8, 15] , low toxicity [8, 41] and properties that directly translate into fire safety -high fire point and flash point [11, 28, 29, 36] .
In addition to the above-mentioned properties of insulating liquids, one of their key tasks, in addition to providing adequate electrical insulation, is the cooling of the transformer. Due to the fact that the electro-insulating liquid constitutes the largest volume element of the transformer cooling system, it mainly determines the effectiveness of its cooling [25] . In the case of electro-insulating liquids, the cooling effect is related to the heat transfer effect of the liquid and is determined on the basis of the heat transfer factor α. In turn, this factor depends to a large extent on the thermal properties of liquids, which include thermal conductivity λ, kinematic viscosity υ, specific heat c p , density ρ, and thermal expansion coefficient β [13, 32] . Therefore, the temperature in the transformer to a large extent will depend on the properties of the used electro-insulating liquid.
A high temperature is the main factor that contributes to the acceleration of aging processes in the transformer insulation system. Each temperature which rises above the limit value, apart from the acceleration of aging processes, also entails a number of other negative effects such as increased gas emission [7, 22, 40] or deterioration of thermal and dielectric properties [10, 24, 31] . It can also contribute to the danger both for the device itself, as well as for operating personnel and the environment. In the past, failure of transformers has often been the cause of their fire and destruction. As a result, in addition to significant material losses associated with the loss of property and possibility of using energy, there was also contamination of soil and water [6, 9, 26] . This paper presents the results of research on thermal properties of vegetable oils used as an electro-insulating medium in transformers. Two popular natural esters, one of which is widely used in distribution transformers, and the other with low viscosity, have been compared in terms of transformer cooling capacity. The results of the research and their discussion are presented in the following chapters.
Purpose, range, methodology, and investigated objects

Purpose and range of the work
Comparison of the heat transport capacity of popular vegetable oils used as an electro-insulating medium in transformers was the purpose of this work. The scope of work included measurements of thermal properties of the analyzed insulating liquids depending on the temperature. Thermal properties such as thermal conductivity λ, kinematic viscosity υ, specific heat c p , density ρ, and thermal expansion sciENcE aNd tEchNology
where: dH/dt -heat flux [W·s
Fourier Transform Infrared Spectroscopy was used to examine the chemical structure of the examined esters. The IR spectra were recorded on a Nexus Nicolet model 5700 FTIR (Thermo Electron Scientific Instruments Corporation, USA) spectrometer in the 400-4000 cm -1 range (at room temperature) with a spectral resolution 4 cm -1 . The samples of oils were taken from hermetically sealed containers right after their opening and were scanned in the form of thin films between KBr plates.
The UV-VIS spectra were recorded on a Jasco V-530 apparatus in the 200-1000 cm -1 range (at room temperature). For investigations, the solutions of natural esters in heptane were prepared by dissolving 2 mg of sample in 5.5 ml of solvent. Measurements were carried out in disposable cuvettes.
Investigated objects
Two different commercial electro-insulating liquids were tested during the experiment. Both tested esters have the same plant origin, however, they differ in basic parameters. The first of the analyzed natural esters (natural ester NE 1) is widely used in distribution transformers. Its structure is based on a glycerol backbone, to which three naturally occurring groups of fatty acids are attached. It was developed from vegetable oils and additives that increase its efficiency [8] . The second of the tested natural esters (natural ester NE 2) is characterized by low viscosity. Like other vegetable oils, its structure is based on triglycerides, but as a result of the chemical modification, their content is lower. In this ester, the ratio of triglycerides to monoesters is about 50%/50% [39] . Data concerning the fundamental physicochemical and dielectric properties of the tested electro-insulating liquids are presented in Table 1 .
Results
Fourier transform infrared spectroscopy FT-IR
Investigated vegetable oils are natural esters, i.e. triglycerides -fatty acid esters, containing a mixture of saturated and unsaturated fatty acids with different carbon length chains containing one to three double bonds. Therefore, their infrared absorption spectra should differ. On Figure 2 IR spectra of investigated vegetable oils are presented. Comparison of these two spectra revealed that there are no substantial differences between them if we took under consideration the main absorption bands. We can observe slight differences in the intensity of some bands as well as some shifts in their position. The main difference is observed in the so-called fingerprint region, below 1500 cm -1 ; where each different compound produces its own unique pattern of peaks. Spectral bands in the regions 3000-2800 cm -1 and 1500-1350 cm -1 correspond to aliphatic hydrocarbons, while the bands in the regions 3040-3000 cm -1 , 1680-1600 cm -1 , and 680-730 cm -1 correspond to olefin vibrations, whereas peaks in the regions 1770-1715 cm -1 , 1300-1100 cm -1 are attributed to vibrations of esters. The exact positions of the individual bands in the spectra of investigated oils are given in Table 2 .
UV-visible spectroscopy
The UV-VIS spectra of investigated natural esters were performed in heptane because this saturated hydrocarbon is essentially transparent in UV-VIS range. Therefore, absorption bands in the investigated range should be gen- erated mainly by investigated oils samples. The tested esters NE 1 and NE 2 contain chromophore groups in their structures, i.e. unsaturated bonds and carbonyl groups, the groups of atoms that contain electrons which are responsible for the absorption in UV-VIS range. In unsaturated compounds, π → π * passes become possible, and alkenes absorb ~ 170 nm. It should be noted here that the position of this band is significantly influenced by the presence of substituents. While carbonyl compounds in addition to the π → π * transition can also undergo the transformation of n → π *, which absorb at a relatively longer wavelength of 280-300 nm. Due to the structure of the tested compounds, absorption bands in the range of 200-400 nm were expected. Figure 3 shows the UV-VIS spectra of investigated natural esters (NE 1 and NE 2), where four main absorption bands are visible. The maxima positions of these bands are very similar for tested samples but slightly shifted (Table 3) and they are in agreement with π → π * and n → π * electron transitions due to the presence of C=C and C=O functional groups in unsaturated triglycerides, as was mentioned above. Table 4 presents the results of the thermal properties of the investigated natural esters (NE and NE 2). As it results from the presented measurements, the thermal conductivity of the low viscosity natural ester (NE 2), regardless of temperature, is higher than the thermal conductivity of the natural ester (NE 1) by about 6%. Differences in the thermal conductivity of both esters result from the lower molecular weight of the monoesters present in the low viscosity natural ester. Lower molecular weight means that a molecule is characterized by fewer degrees of freedom, and therefore a greater thermal conductivity.
Thermal properties
On the basis of Table 4 , it can also be seen that as the temperature rises, the thermal conductivity of both esters decreases. This is related to the increase in the mobility of ions and free electrons. The temperature rise causes the ions to vibrate more intensively, and the electrons move faster in all directions. This action hinders the orderly movement and consequently the transfer of energy, which results in reduced thermal conductivity.
On the basis of the presented research results, it can be stated that depending on the temperature, the kinematic viscosity of the natural ester NE 2 is lower than the viscosity of the natural ester NE 1 by about 50-58%. Differences in viscosities of both esters result from their molecular weight and structure -the effect of intermolecular interactions (the stronger the molecular interactions, the stronger are the internal friction forces). Analyzing the structure of both liquids, it can be seen that the natural ester NE 1 is a mixture of triglycerides [8] . In turn, the natural ester NE 2 is a mixture of triglycerides and monoesters [13] . The reduced viscosity of the natural ester NE 2 is mainly due to the addition of monoesters to triglycerides.
Similarly to the previous case, it can be seen that as the temperature increases, the kinematic viscosity of both esters decreases. This is due to the fact that as the temperature rises, the kinetic energy of molecules increases. Particles with increased energy more easily overcome the attraction forces of molecules with which they are adjacent. In addition, at a higher temperature, the molecules move faster, which also results in a reduction of the attraction forces between the molecules. As a consequence, as the temperature rises, the viscosity of the tested insulating liquids decreases.
As can be seen from the Table 4 , the specific heat of the low viscosity natural ester (NE 2), regardless of analyzing temperature, is less than the specific heat of the natural ester (NE 1) by about 8%. The differences in specific heat of both tested natural esters arise from 
Fig. 3. UV-VIS spectra of the natural esters' samples NE 1 and NE 2 in heptane
sciENcE aNd tEchNology their construction -because the specific heat is a function of substance construction and is associated with oscillatory, rotational and translational movements of the molecule. As previously mentioned, the low viscosity natural ester (NE 2) is a mixture of triglycerides and monoesters. Monoesters are characterized by lower molecular weight, and therefore their molecules will also be smaller. In turn, the smaller the molecule is, the less energy it can store (it has a lower thermal capacity). Analyzing Table 4 , it can also be seen that the specific heat of both esters increases with increasing temperature. The increase in specific heat is related to the decrease in the density of the substance (caused by the increase in the thermal expansion coefficient) and the increase in the kinetic energy of the atom's oscillation of the molecules of the both investigated natural esters. Therefore, the increase in temperature increases the degrees of freedom available to the molecules, which results in an increase in specific heat.
As results from the presented results, the density of the low viscosity natural ester (NE 2) is lower than the density of the natural ester (NE 1) by about 3.5%. Similarly, as in the case of viscosity, this is related to intermolecular interaction forces. The intermolecular forces in the natural ester (NE 1) are higher than in the case of the low viscosity natural ester (NE 2). As a consequence, its molecules are not separated from each other as in the case of a low viscosity natural ester.
As the temperature rises, the density of the analyzed insulating liquids is noticeably reduced. Similarly, as in the case of specific heat, this is related to the increase of kinetic energy. Molecules oscillate with increasing frequency, which results in the weakening of intermolecular forces and increasing the distance of molecules from each other.
As can be seen from Table 4 , the analyzed natural esters are characterized by a similar thermal expansion coefficient. Minimal differences, as in the case of density, results from the intermolecular forces of the examined natural esters.
Furthermore, it can be seen that the thermal expansion coefficient of the tested natural esters increases with increasing temperature. Similarly, as in the previous case, this is related to the weakening of the intermolecular forces. Consequently, the molecules move away from each other, increasing the volume of liquid. Table 5 presents the results of calculations of the heat transfer factor α of investigated vegetable oils depending on the temperature.
Heat transfer factor
Heat transfer factor α was determined on the basis of Equation (1). As is apparent from the calculations, low viscosity natural ester (NE 2), depending on the analyzed temperature, is characterized by a heat transfer factor of 15-19% higher than the heat transfer factor of natural ester (NE 1). The higher heat transfer factor of low viscosity natural ester results from its individual thermal properties. As can be seen from Table 4, this ester is characterized by a higher thermal conductivity coefficient, lower kinematic viscosity, as well as lower specific heat. Other properties (density and thermal expansion coefficient) are similar. The viscosity of the liquid has a decisive influence on the value of the heat transfer factor α, and this one is much lower in the case of the natural ester NE 2.
Discussion
The electro-insulating liquid constitutes the largest volume element of the transformer insulation system. Thus, it plays an important role in the process of its cooling. Therefore, based on the measured thermal properties and the heat transfer factor calculated on their basis, the temperature drop in the insulating liquid was determined -the temperature drop ΔT between the windings and the tank. This temperature drop was calculated using the relationship:
It has been assumed that the surface thermal load of windings is 2500 W·m⁻ 2 , as this is a typical value for the surface of the transformer's windings [45] . The results of calculations of the temperature drop in the natural ester (NE 1) and in the low viscosity natural ester (NE 2) are shown in Table 6 .
As it can be seen from Table 6 , the temperature drop that occurs in the natural ester having reduced viscosity is lower. This decrease is from 2.6 to 4.8 °C and it is lower than in the case of the natural ester NE 1. This means that the use of low viscosity natural ester will have a positive effect on the transformer cooling system -the lower temperature drop in the liquid is, the hot spot temperature will be lower, what will have a significant impact on transformer reliability.
The impact of temperature on transformer lifetime, calculated from Montsinger's law, can be expressed by: Table 7 .
There is evidence [27, 37] that paper insulation in transformers ages more slowly in vegetable oil. It may be that an increase in oil temperature may shorten significantly the expected service life of the paper insulation. According to Montsinger's law, lowering the transformer's working temperature by 8 °C may result in a two-fold increase in the lifetime of its insulation system. Therefore, taking into account the calculation presented in Table 6 , it can be concluded that such a difference in temperature can affect the life of the transformer. However, it should be remembered that a certain drawback of Montsinger's law is the fact that it concerns paper insulation impregnated with mineral oil, and also does not take into account other factors accelerating the aging process of transformer insulation, such as moisture and the influence of oxygen.
On the basis of Table 7 , it is possible to say, that lifetime of the transformer, filled by a regular natural ester, can be from 4 to almost 7 years shorter, than a lifetime of transformer filled by low viscosity natural ester. This means that the service life can be reduced by about 1/3, assuming that the transformer is designed for 20 years of work.
Besides the positive impact on transformer lifetime, the reduced temperature has also a positive impact on the work conditions of the transformer, too. It means that lower temperature is able to decrease some accidents, such as breakdown or partial damages. This fact should be also treated as a positive influence on the reliable work of transformers.
On the other hand, IEC 60076-7 [18] states that the lifetime of the transformer insulation system is halved for every increase in its working temperature by 6 °C. As it can be seen from the presented calculations of temperature drops, the type of used liquid is important from the point of view of the lifetime of electrical power equipment. However, it should be noted, as McShane and others in [27] state, that the paper insulation of the transformer, impregnated by a natural ester, undergoes 5 to 8-fold slower decomposition than the paper impregnated by mineral oil. Therefore, in vegetable oils, the increased degradation resulting from the elevated temperature will in some way be balanced by the rate of degradation in this oil.
As it results from the above calculations, the thermal properties of the liquid filling the transformer influence the cooling efficiency of the transformer. There are many publications that emphasize the effect of viscosity on the temperature field of transformers [4, 16, 42] . It affects the efficiency of heat transfer in both natural and forced circulation of liquids. Consequently, this translates to the operating temperature of the transformer. In addition, it should be noted that it may also affect the operation of some transformer internal components, such as internal on-load tap-changers [19] .
Conclusions
The heat transfer factor α of the low viscosity natural ester (NE 2) turned out to be higher than factor α of the commonly used natural ester (NE 1). The reason for this, as could be expected, was primarily the lower viscosity υ (by about 50-60%) of the natural ester NE 2, but also the higher thermal conductivity coefficient λ. On the basis of the obtained results, it was calculated that the transformer filled with low viscosity natural ester will be 3-5 °C cooler. Taking into account the law of Montsinger's, it can be concluded that this will translate into a longer working life of the transformer and its more reliable work.
The temperature decrease by a few degrees is not without significance for the transformer. Too high temperature inside the transformer contributes to the acceleration of the aging processes of its insulation system -insulation materials are subject to faster disintegration. If a transformer becomes too hot internally, then the insulation materials will degrade faster, and the operating lifetime of the transformer will be shortened. Thermal modelling of the transformer allows, therefore, to ensure that the elements of its insulation system do not fail prematurely. The right transformer design using thermal modelling allows ensuring that the cellulosic insulation is adequately cooled, and that the temperature increase at hot spots is not excessive, what has a positive impact on transformer reliability.
It is well recognized, that mineral oil is the best cooling liquid, used in power transformer, comparing to any esters (natural, synthetic, and low viscosity esters). On the other hand, mineral oil has not satisfied environmental properties, such as flash point, fire point, and biodegradability. Future investigations should be focused on investigations of mineral oil and low viscosity natural ester mixture. The 
